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precise and practical one for a calculation of the band
or of a perturbation thereon. But a numerical estimate
of the errors cannot precede a better experimental
knowledge of the material.

There is something disturbing about Table XVIII.
The values for the uniaxial strain potentials are in bad
disagreement. In our opinion, the results from the
mobility measurements only prove that the intravalley
acoustical scattering is an improper model for PbTe:
another kind of scattering must be thought of. The
results from the piezoresistance experiment are not too
reliable; at least, let us not rely on them more than
Ilisavskii does."It is not that Ilisavskii's measurements
are doubtful, but that the model he assumed to derive
the numbers for the deformation potentials is too simple
for the complex situation in PbTe. In particular,
Ilisavskii was not able, for lack of data, to compensate
the degeneracy of the electronic gas. Depending on the
degree of degeneracy, his model can underestimate D
by a factor of 2, 3, or more, which would bring his
numbers much closer to ours. So, it is very possible
that our numbers are very near the truth.

Finally, a word about previous works. Kleinman and
Goroff have calculated the deformation potentials for

silicon. '4 Their work differs from the present one in
that:

(1) In the case of silicon, a uniaxial strain can re-
move the inversion center; and there is no such compli-
cation in PbTe.

(2) Their method was based on the orthogonalized-
plane-wave method, and ours is based on the APW.

(3) There is the all-important problem of definition
of the crystal potential. As long as the potential is not
self-consistent, it is diflicult to know, a priori, how good
it is. The only possible basis to judge a potential lies
in the quality of the results. It is the author's opinion
that a good potential should consistently give good
results, in terms of the order of levels, k. p perturbation,
strain deformation or any other perturbation. And we
are pleased with the results obtained so far.
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Transverse magnetoresistance measurements on iron whiskers with axes along (100), (110), and (111)
have been made in fields up to 50 kOe. Measurements have been made on whiskers with diameters ranging
from 40 to 400 p. Sharp minima observed in the rotation diagrams measured at 50 kOe for all three orienta-
tions are consistent with the existence of open orbits along (100) and (110)directions. The held dependence
curves show a region of negative magnetoresistance at low fields and at high Gelds the resistance varies as
B~, where 1 Cm &2. The extent of the negative magnetoresista ~ce region depends both on the Geld orienta-
tion and the diameter of the whisker and appears to be correlated with the domain structure. A size eGect
has also been observed on the Geld dependence of resistance at high fields and on the residual resistance
ratio tsar/a4s'. Values of pttr/p4 v,

' range from 200 to 2000 for the whiskers which have been measured.

INTRODUCTION
' AGNETORESISTANCE measurements on single

crystals of ferromagnetic metals have recently
been used to obtain preliminary information on the
nature of the Fermi surface in these metals. ' ' In the
case of iron, whiskers offer one of the best possibilities
of obtaining well-oriented high-purity crystals for such
studies. De Haas —van Alphen studies on iron whiskers

~ Research supported by the U. S. Atomic Energy Commission
and the U. S. Ofhce of Naval Research.' E.Fawcett and W. A. Reed, Phys, Rev. Letters 9, 336 (1962).' E. Fawcett and W. A. Reed, Phys. Rev. 131,2463 (1963).

by Gold' have already been very successful, and pre-
liminary data on Hall effect and magnetoresistance have
been reported by Dheer. 4 Reed and Fawcett' have also
reported initial results on the magnetoresistance in iron
whiskers along with data on strain annealed crystals.

In this paper we report on the results of transverse
magnetoresistance measurements on iron whiskers
grown by the hydrogen reduction of ferrous chloride.

3 J. R. Anderson and A. V. Gold, Phys. Rev. Letters 10, 227
(1963).

4 P. N. Dheer, Bull. Am. Phys. Soc. 9, 550 (1964).
s W. A. Reed and E. Fawcett, Phys Rev. 136, A.422 (1964).
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Fro. 6. (a) Powder patterns observed at zero field on the (.100}
faces of (100) axial whiskers for a range of diameters. (b) Powder
patterns observed on a (110I face of a (111)axial whisk. er in a
field of 400 Oe and 1800 Oe. Similar patterns are observed on
(100) axial whiskers.

peaks in resistance are reasonably stable in that the
Geld can be held at any orientation along the peak and
the resistance will remain constant with time. They can
also be repeated in a given whisker from run to run.

FIELD DEPENDENCE

Field dependence curves have been measured from
0 to 50 koe for the three axial orientations (111),(110),
and (100) and for a range of diameters from 40 to 400 p.
In the high-field region above magnetic saturation
(H) 12 kOe), the resistance rises faster than linearly
with applied field H. If the resistance variation is
described by p($)/p(0) = const', then m varies from
1 to 1.8 for the various orientations of crystal axis andI which have been measured. In a whisker of given
diameter, the smallest values of m occur for orientations
of 8 along the sharp minima observed in the rotation
diagrams. However, all values of m observed so far
have been &1. The value of m at a given orientation
of H also depends markedly on the whisker diameter,

decreasing toward 1 as the diameter of the whisker
decreases. This can be seen in Fig. 4 which shows
typical held dependence curves for various diameters
and orientations. The reduction in the value of m for
a given orientation of I as the whisker becomes thinner
may be a mean free path effect since for the thin
whiskers the diameter is on the order of the mean free
path. Surface scattering could then limit the electron
orbit and modify its contribution to the magneto-
resistance.

Below about 12 kOe the slope of the resistance versus
Q.eld curve exhibits a break and the resistance drops
sharply with the magnetoresistance becoming negative
at low fieMs for most of the cases measured. The depth
and extent of the negative magnetoresistance region
depends on the diameter of the whisker and also on the
orientation of the magnetic Geld. In some cases the
negative region has been observed to extend up to 6
kOe as in Figs. 4(a) and (b), but generally extends only
to several thousand oersteds. The depth of the negative
magnetoresistance region also varies over a wide range.
The maximum decrease in resistance observed so far has
been about 70% of the zero-field resistance. In general
the negative region of magnetoresistance becomes
smaller as the whisker diameter is reduced and for the
40-p whisker measured in Fig. 4(c) has disappeared
altogether, the magnetoresistance being positive for all
field values and orientations of H which were measured.

A consistent increase in the residual resistance ratio
par/p4 sis also o. bserved as the size of the whisker is
reduced. Representative values of prrr/p4 s' for whisk. ers
of various ranges of size are 268 for a 440 p, (111),454
for a 100p (111),and 1963 for a 40 p (100).The increase
in p~s/p4. s' is also accompanied by an increase in the
helium temperature magnetoresistance ratio at high
fields. Values of the magnetoresistance ratio p(II)/p(0)
at 50 kOe for the three whiskers referred to above are
26, 33, and 85. This would indicate a progressive in-
crease in purity as the diameter decreases. Although
the thin whiskers are selected from the same growth
chambers as the thick whiskers, this difference in purity
could result from the growth mechanism responsible
for the thickening of the whisker. It is thought that
impurities may play a major role in the thickening
process. '

The negative region of magnetoresistance occurs for
field values at which considerable domain structure
exists in the whisker and can probably be attributed
to the effects of domain wall scattering and spin-wave
scattering as suggested by several authors. ' ' Fowler,
Fryer, and Treves' have in fact observed domains

N. Cabrera and R. V. Coleman, The Art and Science of Grousing
Crystals, edited by J. J. Gilman (John Riley R Sons, Inc. , New
York, 1963),p. 3.

~A. M. Sudovtsov and E. E. Semenenko, Zhur. Eksperim. i
Teor. Fiz. 35, 305 (1958) LEnglish transL: Soviet Phys. —JETP
8, 211 (1958)g.

8 C. A. Fowler, Jr. , E. M. Fryer, and David Treves, J. Appl.
Phys. 31, 226'7 (1960).
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Fro. 7. (a) Rota-
tion diagram ob-
tained Ifor a 80-p,
(111) whisker in a
field of 1700 Oe. (b)
Field dependence
curves measured for
the 6eld orientations
labeled A and B in
Fig. 7(a).
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in the whisker, examples of which are shown in Fig.
6(b) for ftelds up to 1800 Oe.

The low-field magnetoresistance as a function of
magnetic field is also observed to vary from positive
to negative depending on the orientation of the mag-
netic field relative to the crystal. An example of this
effect is shown in Fig. 7 for an 80-p (111)axial whisker.
Figure 7(a) shows the rotation diagram obtained at
1700 Oe while Fig. 7(b) shows the field dependence
curves measured for the orientations marked A and 8
on Fig. 7(a). For orientations of field corresponding to
the peaks in the rotation diagram a sharp positive peak
is observed in the field dependence of resistance. The
only explanation for this seems to be that the detailed
domain structure developing during magnetization is
considerably different for the two orientations, although
both structures should be more complicated than the
zero-field domain structure. The field dependence
curves are again reproducible and the resistance at any
point of the Geld dependence curve is reasonably stable
with time if the Geld is held at a constant value. A
similar behavior has also been observed in (100) axial
whiskers.

FIEl D DIRECTION 0 I 2 3 4 KOe

persisting in iron whiskers in fields up to 6000 Oe. The
negative region appears to be very sensitive to the
detailed development of domain structure and mag-
netization during applica, tion of a transverse field. The
simple explana, tion that domain wall scattering is
reduced upon application of the field because of a
reduction in the number of walls by domain extension
during magnetization does not seem to be a complete
explanation, however. First of all, the zero-field domain
structure in well-oriented whiskers seems to be the
simplest type of domain structure which can exist in
the whisker. This structure has been deduced using
powder pattern techniques by Coleman and Scott'
and by Graham and Be Blois,"and is shown schemati-
cally in Fig. 5 for a (100) and (111) axial whisker.
These structures were, of course, determined at room
temperature, but there is no apparent reason why
cooling to helium temperature should alter them. The
simple domain patterns observed on (100)axial whiskers
are shown in Fig. 6(a) and do not appear to va, ry
appreciably as the diameter of the whisker is reduced
over the range in which measurements have been made
on the magnetoresistance. Application of a transverse
Geld produces a much more complicated domain pattern

' R. V. Coleman and G. G. Scott, Phys. Rev. 107, 1276 (1957);
J. Appl. Phys. 29, 526 (1958)."R.W. De Blois and C. D. Graham, J. Appl. Phys. 29, 931
(1958).

CONC', USIONS

The transverse magnetoresistance measurements on
iron whiskers have shown that they provide excellent
specimens for both high- and low-field studies. In the
high-field region the data are consistent with the
behavior of a compensated metal and also indicates
that open orbits are present on the Fermi surface. The
field dependence has been studied from 0 to 50 kOe and
has been shown to depend on the diameter of the
whisker. In the high-field region the resistance is
described by p(B)/p(0) = constB where 1&m& 2. The
value of m decreases toward 1 as the diameter of the
whisker is decreased. The residual resistance ratio
pgr/p4. s' and the magnetoresistance ratio p(H)/p(0)
are also both observed to increase substantially as the
diameter of the whisker is decreased.

In low fields an extensive region of negative magneto-
resistance is often observed. The extent of this region
has been shown to depend on the diameter of the
whisker and is correlated with the magnetization process
occurring below saturation. The resistance at low fields

appears to depend on the detailed domain structure
developing at low Gelds since both positive or negative
magnetoresistance can be observed at the same Geld

for different orientations of H. Further experiments
will be required to analyze this effect in detail.
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